Optimal packing structure of Octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM) adsorbed on a SiO 2 surface with a Si (100) substrate was studied performing molecular dynamics (MD) computational simulations. Molecular substitution, substitution pattern and molecular orientation of the OTS molecules on the SiO 2 (100) are the main factors studied in order to determine the optimal packing structure taking into account energetic balance. We have used the optimal packing structure to study other properties usually used to characterize SAMs as molecular and system tilt angles, film thickness and gauche defects. These properties and monolayer stability were studied performing MD simulations in a temperature range from 100 K to 600 K and we found that results obtained agree with those from experimental measurements. We found that OTS films are stable up to 500 K. The optimal structure obtained could be used in further MD simulations studies in order to determine tribological properties of OTS-SiO 2 systems.
INTRODUCTION
One of the main applications of SAMs are their use as lubricating films. The development of reliable nano-and microelectromechanical systems (NEMS/MEMS) depends on the solution of the tribological problems they present. Friction, adhesion, stiction and wear are major problems to avoid in NEMS/MEMS devices. Several authors have proposed and studied SAMs as lubricating films for their use in NEMS/MEMS devices. Octadecyltrichlorosilane (OTS) is one of the more widely studied SAM to be used as anti-stiction coatings. There are several techniques that allow us to study this kind of systems but different techniques lead to slightly different results. Even measurements of different researchers using the same technique yield different results. This disagreement is because the formation of monolayers depends strongly of reaction conditions. Molecular dynamics (MD) simulations is an interesting tool to study this kind of systems because it allows us to see what is happening at the atomic level avoiding the problem of their sensitivity to reaction conditions. We have studied the optimal packing structure of Octadecyltrichlorosilane (OTS) SAMs chemisorbed on a SiO 2 surface on a silicon (100) substrate. In order to determine and characterize the optimal packing structure of the OTS-SiO 2 system, we have performed molecular dynamics (MD) simulations. The method is similar to that used in other MD characterization studies of SAM molecules, and is based on an energetic study of different packing configurations.
COMPUTATIONAL APPROACH
All the studies were performed using MS Modeling 3.1 commercial software from Accelrys Inc [1] . The COMPASS forcefield was employed in the simulations. Molecular substitution, substitution pattern, and molecular orientation were the main factors we have taken into account to perform our minimizations. Molecular substitution is the percentage of hydroxilated atoms in the surface that will be replaced with OTS molecules for an optimal packing structure when the reaction occurs. Substitution pattern tell us the location of atoms substituted. Molecular orientation takes into account the different orientations that OTS molecules can take in the surface. We found that in the case of our study the influence of molecular orientation is negligible. We have performed the minimizations exploring these factors to obtain optimal packing structure.
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Molecular packing energies were determined by subtracting surface and OTS energy contributions so we obtain the packing energy per OTS molecules is showed in equation (1):
Where N is the number of OTS molecules attached to the surface.
In a first approach we have studied small systems to avoid too large computational times. 20%, 25%, 33%, 50%, 66%, 75% and 100% substitution percentages were examined for different substitutions patterns and orientations. We found that orientation has a negligible effect on the minimizations: OTS molecules arrange almost vertically because of their length and their close packing. Crosslinking is a factor that also restricts molecular orientation. We found that 20%, 25% and 33% are substitutions that shows lower packing energies. Moreover variations between different patterns for these systems are small while for the rest of the systems different patterns showed more dispersion on packing energies.
Once we have found the results for small systems we extend the computational cells to 3x2, 3x3, 4x3, 5x3. This allowed us to explore 20%, 25% and 33% substitution percentages for a wider variety of substitution patterns. Several different substitution patterns were examined for each molecular substitution. The structures that yielded the minimum packing energies were chosen to study characterization variables.
System tilt angles, molecular tilt angles, film thickness and gauche defects were examined for 20%, 25%, 33% minimum packing energy systems. System tilt angle is the one between surface normal and the vector from the first to the last carbon atom in the chain. Molecular tilt angle is an average value of the angles between surface normal and the vectors that join two middle points of two adjacent C-C bonds. Film thickness is measured from the topmost carbon atom in the chain to the surface (taking into account head polar group), on the surface normal direction. Gauche defects are determined analyzing torsional angles. A gauche defect is defined as a torsional angle that differs by more than +10º from the all-trans conformation (+180º). Gauche factor is the fraction of the number of gauche defects over the total number of torsion angles in molecular chains.
RESULTS AND DISCUSSION
Measurements of characterization variables were taken for 20%, 25% and 33% minimum packing energy systems. Results compared with those from experimental techniques are summarized in table 1. We found that our data are in good agreement with those reported in experimental measurements: Allara et al. have reported a 10º tilt angles, and Vallant et al. reported 7º tilt angles. Film thickness are reported to be between 2.0 and 2.9 nm, but most of references point to a value between 2.2 and 2.35 nm. The results obtained for the density of OTS molecules per unit area agree with those reported in literature only in the case of 33% substitution. [2] [3] [4] [5] [6] for detailed experimental data.
Once we have the structures for 20%, 25%, and 33% packings, we run 10 ps (10 -11 s) molecular dynamics simulations employing the NVT ensemble to study film stability and how characterization variables change with temperature. Andersen method was chosen as thermostat to control temperature during simulations. 1 fs time steps were used. We have performed computational simulations ranging form 100 K to 600 K, and we found that films are stable up to 500 K when monolayer bonds begin to broke.
Film thickness was found to be stable around 2.25 nm up to 400K when thickness begin to drop until bonds begin to broke. The 33% molecular substitution is the one that shows more thickness stability with temperature as is almost constant up to 450 K. Gauche factor is found to grow as temperature, it reaches stability in range from 200 K to ambient temperature, and then rises again. Our results are again in good agreement with those found in literature that report stable OTS monolayers up to 475-500 K [7, 8] . 33% substitution was found to be the packing that showed more stability in terms of film thickness and gauche defects. This result together with the fact that the density of OTS per unit area agrees with the commonly accepted data of 1OTS/22Å 2 points to 33% substitution as the optimal packing structure for an OTS monolayer.
The good agreement obtained with the experiments also validates the COMPASS forcefield for the study of OTS-SiO 2 systems, and it could be used in a future work to analyze, by means of MD computational simulations, the tribological behavior of the optimal structures found in this work.
